Summary. MFP1 (matrix attachment region-binding filament-like protein 1) is a conserved nuclear and chloroplast DNA-binding protein encoded by a nuclear gene, well characterized in dicot species. In monocots, only a 90 kDa MFP1-related protein had been characterized in the nucleus and nuclear matrix of Allium cepa proliferating cells. We report here a novel MFP1-related nuclear protein of 80 kDa in A. cepa roots, with M r and pI values similar to those of MFP1 proteins in dicot species, and which also displays a dual location, in the nucleus and chloroplasts of leaf cells. However, this novel protein is not a nuclear matrix component. It shows a spotted intranuclear distribution in small foci differing from the nuclear bodies containing the 90 kDa protein. In electron microscopy analysis, the intranuclear foci containing the 80 kDa MFP1 appeared as small loose structures at the periphery of condensed chromatin patches. This protein was also located in the nucleolus. It was abundant in meristematic cells, but its level fell when proliferation stopped. This different expression and distribution, and its preferential location at the boundaries between heterochromatin and euchromatin, suggest that the novel 80 kDa protein might be associated with decondensed DNA and could play a role in chromatin organization.
Introduction
Matrix attachment region-binding filament-like protein 1 (MFP1) is a conserved plant coiled-coil protein with specific variability in the number of genes and proteins (Meier et al. 1996; Harder et al. 2000; Jeong et al. 2003 Jeong et al. , 2004 . The proteins sequenced from dicot species (tomato, Arabidopsis thaliana, and tobacco) contain an N terminus with two conserved hydrophobic domains, a central coiled-coil rod domain, a C-terminal DNA-binding domain, and several CK2 phosphorylation motifs. Although the homology amongst species is not very high, some domains are highly conserved (Meier et al. 1996; Harder et al. 2000; Jeong et al. 2003 Jeong et al. , 2004 . Orthologs of MFP1 have also been detected in other plant species, showing development-and organ-specific expression (Harder et al. 2000) .
MFP1 was originally detected in tomato nuclear matrix (NM) fractions (Meier et al. 1996) and, later, in the thylakoid membranes of its immature plastids (Jeong et al. 2003) . It shows a dual nuclear and chloroplast localization in different dicot species, although both proteins derive from the same gene (Samaniego et al. 2006a) . In plastids, MFP1 is a thylakoid-associated DNA-binding protein whose association to the nucleoid DNA is modulated by CK2 (Jeong et al. 2003 (Jeong et al. , 2004 . The function of MFP1 in the nucleus is not yet fully understood.
MFP1 has been less studied in monocots (Harder et al. 2000) . Two nuclear proteins antigenically related to MFP1 but with different M r , pI, and topological distribution and expression were detected several years ago in Allium cepa (Samaniego et al. 2001) . As yet, only one of them, the 90 kDa AcMFP1, has been characterized. It is associated with the nucleoskeletal network of filaments and also highly enriched in a new category of nuclear bodies (Samaniego et al. 2001 ). This protein is an in vivo substrate for CK2, and its phosphorylation levels vary during the cell cycle, with a moderate peak in G 2 , although the functional significance of this cyclic modification is not clear (Samaniego et al. 2006b ). The 90 kDa AcMFP1 protein has different nuclear fractions according to the strength of their association with the NM, which depends on their state of phosphorylation by CK2 (Samaniego et al. 2001 (Samaniego et al. , 2006b .
In this work, we report a second MFP1-related nuclear protein in A. cepa that is different from the previously characterized 90 kDa nuclear form (Samaniego et al. 2001 (Samaniego et al. , 2006b ). This novel 80 kDa AcMFP1 protein has M r and pI values similar to MFP1 proteins from dicot species and displays the same dual location, in the cell nucleus and leaf chloroplasts (Samaniego et al. 2006a) . We have analyzed its nuclear levels and topology throughout the cell cycle and in different root cell types. The large nuclear size and the extension of the reticulated heterochromatin domain in A. cepa favored the analysis of the detailed intranuclear localization of the protein. The topological distribution of the 80 kDa MFP1 in both nuclei and chloroplasts suggests an association with decondensed DNA in both organelles.
Material and methods

Plant material and culture
Allium cepa L. var. francesa bulbs were grown in filtered tap water at room temperature. Root meristems and root segments at different lengths from the tip were excised and used for nuclear isolation. For cell cycle analysis, onion bulbs were cultured and their cells were synchronized as previously described (Samaniego et al. 2006b ). For analysis of the chloroplastic protein, differentiated leaf tissues were prepared as described by Samaniego et al. (2006a) .
Nuclear isolation and NM extraction
Nuclear isolation and NM extraction were performed as described by Samaniego et al. (2006b) .
Protein analysis and immunoblotting
One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis, two-dimensional analysis of proteins and immunoblotting were performed as described by Samaniego et al. (2006b) . Anti-AtMFP1 OSU91 (Jeong et al. 2003) or anti-LeMFP1 288 (Meier et al. 1996) sera were used at 1 : 300 to 1 : 1000 dilutions. Determinations of the relative mobility (M r ) and isoelectric point (pI) values, as well as the quantification of bands and spot densities, were calculated from densitometrically scanned films, from at least three different experiments, by the Quantity One software (Bio-Rad).
Immunoprecipitation
For immunoprecipitation, S2 supernatants obtained during NM preparation were incubated with either OSU91 or 288 for 2 h at 4°C and then with protein A coupled to agarose beads (Amersham) for additional 2 h at 4°C. Pellets were washed twice in phosphate-buffered saline and diluted in sample buffer for further immunoblotting analysis.
Immunofluorescence
Immunofluorescence (IF) of partially extracted nuclei, and nuclear and NM fractions was performed as previously described (Samaniego et al. 2006b ), using OSU91 and 288 sera at 1 : 30 to 1 : 50 dilutions. Samples were examined with a Leica SP2-AOBS-UV confocal microscope, using the Leica software and Adobe Photoshop 7.0 to process the images.
Immunogold labeling
Root segments were processed, embedded in London Resin White resin and incubated as described by Samaniego et al. (2001) . For postembedding immunogold labeling, anti-MFP1 antisera diluted 1 : 30 and 10 nm diameter gold particle-coated anti-rabbit secondary antibody (Sigma) diluted 1 : 50 were used. Samples were examined with a JEOL 1230 electron microscope at 80 kV.
Flow cytometry analysis
Estimation of the DNA content of different cell populations was performed by flow cytometry as described in Samaniego et al. (2006b) with an EPICS XL analyzer (Coulter) equipped with an argon laser tuned at 488 nm.
Results
Onion cells have a second MFP1-related protein that has a mass of 80 kDa
The OSU91 serum, raised against the coiled-coil domain of AtMFP1, which includes the highly conserved DNA-binding subdomain (Jeong et al. 2003) , recognized an intense major band of 80 kDa in nuclear fractions from onion root meristems, which was not detected in the cytoplasmic fraction (Fig. 1a) . The corresponding preimmune serum at similar concentrations showed no reactivity (Fig. 1a) . Fractionation analysis revealed that this band is not a membrane-bound protein, as it was not released from nuclei by detergent extraction (S1). DNase I and low ionic strength buffers partially extracted the band, suggesting that at least a fraction of the protein is associated with DNA (S2). The protein was completely removed from nuclei by further 2 M NaCl extraction (S3) and was not detected in the residual NM fraction (Fig. 1 a) . OSU91 serum sometimes detected a band at a molecular mass of approximately 160 kDa, with the same solubility as the 80 kDa protein (Fig. 1a) . This corresponded to a polymerized form, as demonstrated by applying denaturing conditions with 6 M urea or 8% sodium dodecyl sulfate-6% mercaptoethanol. Under these more stringent conditions, the 160 kDa band was not further detected and the protein migrated as a single band at a molecular mass of 80 kDa (Fig. 1a) .
A new batch of 288 serum raised against a central fragment of the coiled-coil domain of tomato MFP1 showed reactivity with the two previously characterized bands at 90 and 80 kDa in nuclei from onion roots (Samaniego et al. 2001) , and also with a lower band at approximately 80 kDa with a different solubility (Fig. 1a) . The upper 80 kDa band showed the same solubility as that detected by OSU91 serum, being recovered in the S2 and S3 supernatants (Fig. 1a) . The corresponding preimmune serum showed no reaction (Fig. 1a) .
In order to confirm that the upper 80 kDa band detected by both sera corresponded to the same protein, we performed immunoprecipitation of the S2 fraction, which contains high amounts of the protein. Immunoblots showed that the protein immunoprecipitated by one serum was subsequently recognized by that serum and also by the other, but none of the preimmune sera could immunoprecipitate a band at a molecular mass of 80 kDa (Fig. 1b) . This protein was further analyzed.
Two-dimensional blots of the nuclear and S1 protein fractions revealed that the experimental pI values of the two 80 kDa AcMFP1-related proteins were different. The upper 80 kDa protein detected by both sera showed a slightly acidic value (ca. 5.5), similar to those of LeMFP1 (Meier et al. 1996) and NtMFP1 (Jeong et al. 2004) (Fig. 1c) . However, the pI value for the "soluble'' lower 80 kDa protein, which is only detected by the 288 serum in the S1 supernatant, was approximately 7.5 (Fig. 1c) .
Novel 80 kDa protein accumulates in small nuclear foci which are different from the nuclear bodies enriched with the 90 kDa variant
The intranuclear distribution of the upper 80 kDa MFP1 protein was studied by IF and electron microscopy (EM) in isolated nuclei from meristematic root cells. Dilutions at which the corresponding preimmune sera did not show any labeling were used in all cases. The different solubility of the 80 and 90 kDa proteins (Samaniego et al. 2006b ) allowed us to discriminate the fluorescent staining corresponding to each protein and thus their specific nuclear distribution.
After incubation with OSU91, which exclusively recognizes the upper 80 kDa protein, the nucleolus and numerous small nuclear foci were labeled (Fig. 2 a, Nu) . DNase digestion and low-salt extraction of nuclei, which partially removes this novel 80 kDa protein, resulted in a significant decrease in the number and brightness of the foci observed in the F2 fractions following incubation with OSU91 ( Fig. 2 a, F2 ). Nuclear matrices were not reactive to OSU91 (Fig. 2 a, NM) . After incubation with 288, nuclei could be seen to contain both proteins, displaying nucleolar staining, and brilliant large nuclear bodies and small foci (Fig. 2 b) . Together these observations confirmed that, apart from the nucleolus, the 80 kDa MFP1 protein concentrates in small foci, while large nuclear bodies contain the 90 kDa protein. Thus, the two proteins have a different nuclear distribution, although the possible presence of the 90 kDa protein in the small foci cannot be excluded.
Labeling of nuclei with OSU91 or 288 revealed a "spotted'' pattern of hundreds of small foci (100-200 nm in diameter) containing the 80 kDa protein, evenly distributed through the nucleoplasm, and also sometimes in the nucleolus (Figs. 2 a, b and 3) . In 4% of the meristematic Fig. 1 a-c . Characterization of onion proteins recognized by anti-MFP1 sera. a Cytoplasmic (Cyt), nuclear (Nu), and different insoluble (F1, F2, NM) and soluble fractions (S1, S2, S3) obtained during NM extraction were used for immunoblot analysis (see "Material and methods'' section). OSU91 recognizes a main 80 kDa band, as well as a dimeric form at a molecular mass of 160 kDa (top panel). DNase, and low-and high-salt buffers subsequently extracted both bands from nuclei collected in S2 and S3 supernatants. The corresponding preimmune serum detected no bands. After denaturation of the S2 fractions with buffers supplemented with 6 M urea or 8% sodium dodecyl sulfate and 6% mercaptoethanol, the 160 kDa band was solubilized and a single 80 kDa band was then detected. A new batch of anti-LeMFP1 288 serum recognized three distinct bands, the previously characterized 90 kDa band and two bands with different solubilities at molecular masses of approximately 80 kDa (arrowheads). The upper 80 kDa band presented the same solubility as that detected with OSU91, while the lower one (not detected by OSU91) was collected in S1 and completely removed by detergent extraction. The 90 kDa protein had a solubility different from the 80 kDa ones and was recovered in the S3 and NM fractions, respectively. The preimmune serum did not recognize the specific 90 and 80 kDa bands. b Immunoprecipitation of the S2 supernatant with OSU91, 288, and their corresponding preimmune sera. The 80 kDa protein immunoprecipitated by one serum was recognized by both the same serum and the other. c Two-dimesional immunoblots of the nuclear and S1 fractions incubated with OSU91 and 288, respectively. The experimental pI value of the upper 80 kDa band detected with OSU91 was approximately 5.5, while that of the lower soluble protein detected with 288 was about 7.5 nuclei the small foci appeared mostly aligned, displaying a distinct "reticulated'' pattern (Figs. 2 c and 3 a) . The fluorescence intensity of a spotted nucleus was about 2-or 3-fold that of a reticulated nucleus.
Following EM immunolabeling, clusters of gold particles were observed at the boundaries between condensed and decondensed chromatin. They appeared on very small nuclear subdomains of intermediate contrast (Fig. 2 d, e) . These subdomains differed distinctly in size, structure, electron density, and location from the large nuclear bodies containing the 90 kDa AcMFP1 variant (Samaniego et al. 2001 (Samaniego et al. , 2006b ).
Levels and distribution of novel 80 kDa AcMFP1 during the cell cycle
The levels and intranuclear distribution of the 80 kDa AcMFP1 were studied in nuclear fractions from cells synchronized at different cell cycle stages by hydroxyurea treatment (Fig. 3 b) . Western blots of nuclear fractions revealed that the protein level did not undergo significant variations in late G 1 , early S, late S, and G 2 phases (Fig. 3 c) . However, a transient intranuclear redistribution was detected by IF in G 2 . Thus, approximately 13% of the synchronized G 2 cells showed a clear reticulated distribution of the 80 kDa AcMFP1-containing foci, in contrast to G 1 and S cells, which showed a spotted intranuclear distribution (Fig. 3 a) .
kDa AcMFP1 is enriched in root meristematic cells and decays in the nonproliferating ones
In contrast to the situation in the meristematic zone (1-2 mm from the root tip), the cells in the elongation (2-6 mm) and mature (Ͼ6 mm) root zones are nonproliferating. They showed 2C, 4C, or even higher DNA contents associated with differentiation, as demonstrated by flow cytometry (Fig. 4 a) . Immunoblots showed variations in the nuclear levels of the 80 kDa AcMFP1 protein in the different root segments. The highest levels of the protein occurred in the meristematic cells, but began to fall in the nondividing second millimeter of the root, presenting very low levels in the upper root zones, as demonstrated by both sera (Fig. 4 b) . The decay of the protein along the root was different from that of the previously characterized 90 kDa one, which showed a slight progressive decrease as cells moved away from the root apex, to drastically diminish in the 10-12 mm segment (Fig. 4 b) .
IF analysis with the same sera revealed a lower staining level in nonmeristematic cells and also variations in the frequencies of nuclear distribution patterns of AcMFP1 proteins among the three root segments analyzed. In the elongation zone, the 80 kDa protein never showed nucleolar association, and although most of cells presented the spotted nuclear distribution of foci, the frequency of retic- ulated patterns was significantly high (37%) compared with the meristematic population (4%), in which they accounted for the subpopulation of G 2 cells (Fig. 3) . In the mature zone, the reticulated pattern was the most frequent (63%), and a higher rate of nucleolar association was detected (Fig. 3 a) . Most of the foci that showed the reticulated pattern did not colocalize with the heterochromatinic nuclear regions, as shown by simultaneous DAPI (4Ј,6-diamidino-2-phenylindole) staining (Fig. 4 d) .
The levels and distribution of the novel 80 kDa AcMFP1 protein were also analyzed in the quiescent meristematic cells obtained from the terminal 1-2 mm segments of quiescent roots from unsoaked bulbs. Flow cytometry demonstrated that these cells mostly had 2C or 4C DNA contents. As less than 3% had intermediate DNA contents indicating the S period (Fig. 4 e) , the 2C and 4C DNA contents should correspond to dormant G 0 and G 0,2 cells, respectively. Immunoblots showed that the 80 kDa protein was present in the nucleus of quiescent meristematic cells with the same solubility as in the proliferating ones. It was also present in the nucleus but not associated with the NM (Fig. 4 e) . IF revealed a spotted distribution of the 80 kDa protein in all quiescent meristematic nuclei and also its general association with rudimentary nucleoli. The reticulated distribution of foci was not observed in these cells (Figs. 3 a and 4 e) .
kDa AcMFP1 protein is distributed in both the nucleus and chloroplasts of mature onion leaf cells
The level and topological distribution of AcMFP1 proteins were investigated in leaf cells of bulbs grown either in a light-dark cycle or in the dark. For this, leaf fractions containing nuclei and chloroplasts that copurified during the fractionation procedure were analyzed by immunoblotting and confocal microscopy with the OSU91 and 288 sera. The chloroplasts were easily identified by their far-red autofluorescence (Fig. 4 f) .
In Western blots of leaf fractions grown in both conditions, the OSU91 serum detected the 80 kDa protein and also the 160 kDa dimeric form (Fig. 4 g ). IF confocal analysis showed an intense nucleolar labeling and a predominant reticulated distribution of the protein in leaf nuclei, similar to that observed in the mature root cells (Figs. 3 a and 4 d, g ). The nuclear distribution patterns were similar in nuclear preparations from bulbs grown either in darkness or in a light-dark cycle.
Possible chloroplast labeling with the OSU91 serum was examined in leaf fractions containing chloroplasts from bulbs grown in a light-dark cycle. In these preparations, about 95% of the chloroplasts appeared to be specifically labeled with the sera, displaying numerous small foci which were sometimes located close to DAPIstained nucleoids containing condensed DNA but which did not colocalize with them (Fig. 4 h) .
Discussion
The use of new antisera allowed us to identify a novel 80 kDa MFP1 protein with features (M r and pI values) Fig. 3 a-c . Frequencies of 80 kDa MFP1 nuclear distribution patterns and protein levels during the cell cycle. a Frequencies of the spotted and reticulated nuclear patterns detected in different root cell populations. Histograms show the average percentages for each pattern detected with the two sera (n Ͼ 100 nuclei by cell type and anti-MFP1 serum). The corresponding frequencies of cells with positive nucleolar staining are also shown. b Experimental design used to synchronize the proliferating cells. Bars represent the relative duration of the cell cycle phases in the experimental conditions used. Samples were taken at different times before or after release from hydroxyurea (0 h). They corresponded to late G 1 (Ϫ1 h), early S (ϩ2 h), late S (ϩ5 h), and G 2 (ϩ7 h). Also shown is the flow cytometry analysis, displaying the changes in DNA content distribution recorded in the cell population. c Nuclear levels of the 80 kDa protein detected with 288 and OSU91 sera in the synchronized cells at the different cell cycle positions mentioned above. The corresponding H1 histone bands, stained with Ponceau red before immunoblotting, were used as loading controls similar to dicot MFP1 and dual distribution in nuclei and chloroplasts (Harder et al. 2000 , Samaniego et al. 2006a . The similarities of the chromatin-bound 80 kDa protein with dicot MFP1 and its cross-reactivity with the two anti-MFP1 sera suggest that it is a nuclear form of MFP1. This protein differs in size, pI value, solubility, and levels in nonmeristematic cells from the previously characterized onion 90 kDa MFP1-like protein (Samaniego et al. 2001 (Samaniego et al. , 2006b . It also differs from the onion lower 80 kDa form on the basis of migration, pI value, solubility, and subcellular distribution. We also demonstrated with urea and high sodium dodecyl sulfate treatments that the elusive reactive about 160 kDa band displaying the same solubility as the 80 kDa one, and which is also present in tomato and tobacco nuclear fractions denatured in the same conditions (Harder et al. 2000) , corresponds to a dimeric form of this novel protein, consistent with its predicted coiledcoil domain.
The extraction with DNase, and low-and high-salt buffers demonstrates that a fraction of the characterized 80 kDa protein associates with DNA. In contrast to dicot MFP1 and to the 90 kDa AcMFP1, the 80 kDa AcMFP1 is associated neither with the NM nor with nuclear bodies, demonstrating that the MFP1 proteins have different subnuclear compartmentalization in onion (Samaniego et al. 2006a, b) .
These results reveal the presence of more than one MFP1 nuclear protein in monocots. These include the 
